Models of encapsulated I/2 nuclear spin _H and 3_p atoms in fullerene and diamond nanocrystallite, respectively, are proposed and examined with ab-initio local density functional method for possible applications as single quantum bits (qubits) in solid-state quantum computers. A _H atom encapsulated in a pathways or steps that have been already demonstrated in experiments, unrelated to quantum computers, are also discussed.
fully deuterated fullerene, C:0D20, forms the first model system and ab-initio calculation shows that _H atom is stable in atomic state at the center of the fullerene with a barrier of about 1 eV to escape. A 3_p atom positioned at the center of a diamond nanocrystallite is the second model system, and 31p atom is found to be stable at the substitutional site relative to interstitial sites by 15 eV. Vacancy formation energy is 6 eV in diamond so that substitutional 31p atom will be stable against diffusion during the formation mechanisms within the nanocrystallite. The coupling between the nuclear spin and weakly bound (valance) donor electron coupling in both systems is found to be suitable for single qubit applications, where as the spatial distributions of (valance) donor electron wave functions are found to be preferentially spread along certain lattice directions facilitating two or more qubit applications. The feasibility of the fabrication pathways for both model solid-state qubit systems within practical quantum computers is discussed with in the context of our proposed solid-state qubits.
Introduction:
Quantum computers promise to exceed the computational efficiency of present day classical computers because quantum algorithms allow the execution of certain tasks in much fewer numbers of steps. Ones and zeros (bits) of classical computers are replaced by quantum states of a two level system -a qubit. Logical operations are performed on qubits and their measurement determines the result.
[1] Interest in quantum computations has recently increased dramatically because of two reasons. First, efficient quantum algorithms for prime factorization and exhaustive data base searches have been developed. [2, 3] Second, quantum error correcting codes have been developed that allow the operation of a quantum computer with a certain degree of de-coherence in the quantum state, i.e., the quantum states need not be so coherent as they were thought previously. [4] The main difficulty is in realizing two-level quantum systems on which measurements can be made and which must be isolated from the environment as well. vacancies andself interstitials)in siliconwill induceadditionaltransient enhanced diffusion(TED) of the dopantatoms.Kanehimselfnotedtheseproblemsandpredictedthat the fabricationsteps"will require significant advances in therapidlymovingfieldof nanotechnology." [7] In this paperwe report new model systems, which can overcomethe abovefabricationrelated difficulties.Basedon ab-initio feasibility simulations, in this work we propose and examine a possible solution that envisions using "encapsulated" I/2 nuclear spin donor atom dopants, in fuilerenes and diamond nanocrystallites, as solid-state single qubits that could be used in realizing a nuclear spin based architecture of solid-state quantum computers. Since nanocrystailite or fullerene encapsulated dopant atoms will be of larger size than the single dopant atoms, they would be easier to position and incorporate in precise locations.
Furthermore, our calculations show that the dopant atoms will be structurally much more stable against any diffusion both before and after fabrication steps. In the following, we present details of the model systems for The first modelinvolvesencapsulating a nuclearspin1/2 _Hatomin a fullerene, andthe second model envisionsencapsulating a 3_patom in a few nanometer sizeddiamondnanocrystallite to serveas single qubits.Arraysof suchlargersizedqubitscouldbeenvisioned forfuturequantum computer applications.
Model 1" tH atom encapsulated in a Fullerene --To realize a nuclear spin based solid-state qubit, !/2 nuclear spin and strong nuclear spin-electron coupling are necessary conditions. One of the most promising candidates is atomic IH because it has ½ nuclear spin (except in deuterium) and there is one valence electron in the s orbital that is tightly bound to the nuclear position with strong nuclear spin-electron coupling.
However, the main challenge is that the atomic _H is very reactive and easily forms a covalent bond to become a molecular or chemisorbed species. The only available valance electron will be used up in the reaction and not available for hyperfine contact coupling to the nuclear spin. Additionally, even if the _H atom can be kept in an atomic state, maintaining its position in a bulk lattice could be very difficult because _H is lightweight atom and is highly mobile even at very low temperatures. Therefore, a IH atom may not be suitable for a qubit application unless; (a) it can be kept in atomic state with in a solid-state system, and (b) its mobility is also reduced significantly. Encapsulating a _H atom within a fullerene could be a solution to satisfy the above conditions.
Theinternal chemical reactivityof fullerenes wasfirst examined in orderto verify if a _Hatomcanstay in an atomicstatewith in a fullerene. The internalhydrogenation of a varietyof fullerenes wasexamined with ab-initio density functional theory [DFT] pseudo-potential methods.
[11] For this study, we have examined two fu/lerenes, C36 [12] and C60 [131, and the main findings are as follows. There are several isomers for C36 and we have chosen to use C36/)rh, which is known to be the most stable isomer [12, 14] . The intrinsic structures of C36 and C60 were optimized using DFT pseudo-potential method, [ 11] and are shown in Table 1 .
When a _H atom is placed at the center of C36 or C6o fullerene, it has about -0.45 eV binding energy and the valance electron remains in atomic state localized at the center. Fig. 1 Asanexample, theencapsulation of a _Hatomin a dodecahedrane Cz0H20, whichis shownin Fig.2 (a) , The spatial distribution of the valance electron of the encapsulated _H atom within CzoHz0 was also studied. This will be needed to estimate the coupling between neighboring qubits through valance electron overlaps of the neighboring qubits. If the valance electron wave function is totally trapped or shielded within the encapsulating fullerene (C2oHz0), the above model will not be useful for more than single qubit system. Thehigh valance electrondensityregionat thecenteris removed andshownasa blankdueto the scaleof the electronicdensityplottedin Fig. 2(d) .Whenthe )H atomson the outersurfaceof C20H2o arereplaced with deuteriumZD atoms, the valance electron density plots remain same as shown in Fig. 2 (c) and (d) .
Additionally, the advantage is that the deuterium 2D atoms do not have nuclear spin and cannot interfere in any nuclear spin related measurements on the model 1 of the qubit (_H @ C20D20) proposed in this work. at the center of a fullerene to make an endofullerene, 3_P@C60, (b) use the thus generated endo-fullerene to grow bucky-onion (concentric graphitic spherical shells) layers on the endo-fullerene, (c) use an e-beam irradiationon the outermostbuckyonionlayers,followedby annealing of the system, to convert the core layersinto a diamondnanocrystallite with a 3tp atom trapped at the center, (d) chemically clean the remaining bucky onion layers to finally get a diamond nanocrystallite doped with a single 31p donor atom at the center. The energetic, structural and electronic behaviors of these processes involved in the above steps are examined with DFr pseudo-potential methods.
[11]
The first step of encapsulating a 3tp atom in a variety of fullerenes has been investigated for stability and the positioning of the 31p atom inside fullerenes. Since C60 is a seed material for bucky onion growth, we focus our discussion on the encapsulation of 3_p atom in a C60 fullerene. A 31p atom was inserted within a fullerene and structural stability, binding sites and electronic properties were investigated. Two energetically stable configurations are identified such that the 31p atom either stays at the center of C6o or on top of a C-C bond that connect two pentagons on the wall of C60. The binding energies are -0.99 eV and -0.81 eV for center site and on bond top site, respectively. Therefore 31p atom will stay at the center of the fuilerene.
Recently there have been experiments to put 3_p atom in C60 using ion implantation method.
[16]
Experimentally, it is found that 31p is most likely to be at the center of C60. This is in agreement with our results based on DFI" pseudo-potential method. The electron density of the donor electron in 31p in C60, shown in Fig. 3 (a) , exhibits a well-isolated 3_p atom at the center of C60 fullerene, hence the thus impregnated 31p @ C60 fullerene is suitable as a seed material for growing bucky onion layers.
The step of converting core layers of a bucky onion into diamond nanocrystallite at pressures above 20
GPa has already been demonstrated in experiments.
[20, 21] This is done by inflicting e-beam irradiation induced defects and etching in outer most shells of the bucky onions. During the annealing process, defected outer shells with reduced number of C atoms form smaller radii, and consequently exert an inward hydrostatic compression, as much as 50~150 GPa, on the inner core shell layers. At such high pressures graph/tic to diamond structural transition occurs creating a diamond nanocrystallite of 2-50 nm diameter.
[21] Further more, experiments have found single crystal diamond formation in smaller sized (2-10 nm) crystallite, and polycrystalline diamond formation in larger sized crystallite. Through DFT pseudo-potential calculations wehaveexamined thestructural andelectronicproperties of the3tp atom substituted in a regular and compressed diamond nanocrystallite.
To gauge the most likely configuration of 31p atom during the nanocrystallite formation process, we have examined the formation energy and structural configuration of 31p doped in a diamond nanocrystallite for three most possible configurations with 31p at a substitutional site, a 31p at hexagonal or tetrahedral interstitial sites. The hydrostatic pressure on the diamond nanocrystallite was varied from 0 to 50 GPa to simulate appropriate scaling down of the diamond lattice parameters during high pressure processing.
The main results are summarized in Table 2 . As the pressure increases, the formation energies of all the 3tp doped configurations increase. This is natural because the 31p atom is bigger than the lattice C atom, and there is increasingly less space for the 31p in the lattice as pressure increases. Results in Table 2 show that the 31p at the substitutional site is the most stable configuration even in the highly compressed diamond lattices. The energy required to hop from a substitutional site to a hexagonal or tetrahedral interstitial sites is also much higher than the corresponding energy for a 31p atom in a silicon lattice. This means that even though a 31p at the substitutional site of a diamond lattice has a small positive formation energy, (0.88 eV) relative to the phase separated diamond and bulk 3tp, the 31p atom, once substituted via our proposed trapping mechanism, will stay because of very large energy barriers to diffuse out of the nanocrystallite.
The thermal stability of the 31p atom at a substitution site configuration, against diffusion, was tested by computing the vacancy and interstitial formation energies. Both of these intrinsic defects play key role in the diffusion of atomic species in bulk semiconductor materials.
[22] The results are summarized in Table 2 . The vacancy formation energy is fairly high (over 6 eV) and is not favorable to be produced naturally during any process.
The vacancy formation energy changes only very slightly as the pressure goes up. The selfinterstitial formation energy would be even higher than vacancy formation energy due to small atomic space in diamond lattice. The Table 2 also shows the formation energies of 3tp atom at interstitial sites, which can be formed by C self-interstitial defect and provide other important mechanisms of diffusion. The 31p at a substitutional site of diamond is more favorable than any other interstitial sites by over 15 eV, which providesa large amountof energybarrier againstdiffusion throughself-interstitialmediatedkick-out mechanism. Fora comparison, theinterstitial formation energyof a 31p atom relative to a substitutional site is only around 3 eV in bulk silicon. In Si lattice both vacancy and self-interstitial defects have relatively low formation energy of 3-4 eV, and both vacancy and interstitial mediated diffusion in Si are known to occur during the processing steps. This analysis shows that 3tp in diamond nanocrystallite based arrays, if fabricated, will be much more stable against any diffusion mediated disruption mechanism than 31p atoms in silicon lattice.
Lastly, the donor electron density of the 3,p atom at the substitutional site within the diamond lattice is shown in Fig. 3b . For brevity, we show the planar donor electron density profile in the (1 1 I) plane of the underlying diamond lattice structure. The electron density profile in the (11 1) plane is nearly symmetric and does not decay exponentially as expected for an isolated donor electron atom. Moreover, we found that the decay profile of the donor electron density within a diamond lattice structure is anisotropic and channeled favorably along certain lattice directions and not so favorably along other lattice directions. A detailed analysis of this property to facilitate inter-qubit coupling is currently underway and will be published elsewhere.
For a single qubit model, in this work, the only possible difference comes from changing the host material from bulk Si to diamond. The dielectric constant of diamond (_ = 5.5) is half of that of bulk Si (_ = 11.7) and effective mass of electron in diamond is of the same order as that of in bulk Si (rn_n/m = 0.2).
Therefore we estimate that the hyperfine coupling (A o= E-3) needed to control a nuclear spin on a single qubit, through an electric field applied by an external gate, in our model is about 8 times stronger than the coupling in Kane's silicon-based model. This means that one could, in principle, use a weaker electric field, for the same level of control, than the field required in Kane's model and that the inter-qubit exchange frequency (v o_ A z) will increase by two orders of magnitude. On the other hand, donor electron density overlap between neighboring qubits, in bulk diamond reduces by a factor of 2 as compared to that in bulk silicon (aB ,,: e). The neighboring qubit interactions in our case thus would be weaker by the same factor as compared to the interactions proposed in Kane'smodel.This showsthat the above-proposed model for a single qubit is well within the range of operating conditions elucidated by Kane. The detailed analyses involving more than single qubit structures is currently underway and will be published elsewhere.
Comments:
In summary, two models of using nuclear spin states of encapsulated atoms in fullerenes and diamond nanocrystallite are proposed and examined through ab-initio DFT pseudo-potential method. The first model shows that a nuclear spin V2 IH atom remains stable at the center of a C_-oD2o(deuterated) fullerene with a barrier of about 1 eV for the encapsulated 1H atom to diffuse out of the qubit unit. In the second model, the formation energy of a 3_p atom at the substitutional site in a diamond nanocrystallite is found to be significantly less than the formation energies of vacancy (by 6 eV) and 3_p at interstitial (by I5 eV) sites.
This proves that a 3_p atom, if substituted with in a diamond nanocrystailite, is much more stable than the similar substitution in bulk Si. The strength of hyperfine contact coupling for controlling a qubit, via an external electric field, has increased in our model while the electron-electron coupling depending on the donor electron overlaps requires a shorter inter qubit distance. The nature and spatial extension of the electronic wave functions in the two models are found to be satisfactory for single qubit application.
Furthermore, the detailed analysis of the donor electron density channeling through a diamond lattice structure, important for two or more than two qubit systems, is currently underway and will be published elsewhere.
The experimental fabrication steps needed to fabricate single qubits are elucidated, and we have confirmed that these experiments have been already performed separately for different nanotechnology applications without any connection to quantum computing. 
